Protein misfolding caused by exposure to arsenite is associated with transcriptional activation of the AIRAP gene. We report here that AIRAP is an arsenite-inducible subunit of the proteasome's 19S cap that binds near PSMD2 at the 19S base. Compared to the wildtype, knockout mouse cells or C. elegans lacking AIRAP accumulate more polyubiquitylated proteins and exhibit higher levels of stress when exposed to arsenite, and proteasomes isolated from arsenitetreated AIRAP knockout cells are relatively impaired in substrate degradation in vitro. AIRAP's association with the 19S cap reverses the stabilizing affect of ATP on the 26S proteasome during particle purification, and AIRAP-containing proteasomes, though constituted of 19S and 20S subunits, acquire features of hybrid proteasomes with both 19S and 11S regulatory caps. These features include enhanced cleavage of peptide substrates and suggest that AIRAP adapts the cell's core protein degradation machinery to counteract proteotoxicity induced by an environmental toxin.
Introduction
Arsenic is a ubiquitous environmental toxin with broadranging adverse effects on human health (Abernathy et al., 1999; Tchounwou et al., 2003) . In its most toxic trivalent state, arsenite (As [III] ) can coordinate thiol groups on the surface of proteins (Bhattacharjee et al., 1995; Bhattacharjee and Rosen, 1996) and thereby inhibit various enzymatic reactions (reviewed in Aposhian [1989] ).
One of the most prominent features of the cellular response to arsenic is the induction of heat-shock genes (Johnston et al., 1980; Levinson et al., 1980) , which is induced by a mismatch between the load of misfolded and unfolded proteins and the chaperones available to bind them (Gamer et al., 1992; Morimoto, 1998) . Thus, the phylogenetically conserved induction of a heat-shock response in arsenic-exposed cells suggests that the toxin directly or indirectly threatens the equilibrium of chaperones and their client proteins. Exposure to arsenic also leads to increased levels of polyubiquitylated, presumably misfolded proteins (Bond et al., 1988; Kirkpatrick et al., 2003) , and cells exposed to arsenic trioxide upregulate various proteasome subunits (Zheng et al. [2005] , Figure 2 therein). Collectively, these observations suggest that exposure to arsenic promotes a significant burden of potentially toxic misfolded proteins or proteotoxins.
Converging lines of evidence indicate that the capacity to degrade misfolded proteins plays a prominent role in defending cells against diseases caused by their accumulation (Goldberg, 2003) . In the secretory pathway, the upregulation of the apparatus that retrotranslocates misfolded endoplasmic reticulum (ER) proteins for cytoplasmic degradation is a prominent feature of the response to ER stress (Casagrande et al., 2000; Travers et al., 2000) , and its integrity is required for ER homeostasis (Ye et al., 2004) . In the cytoplasm, substrate-mediated inhibition of the cellular machinery that degrades misfolded proteins contributes to the pleiotropic effects of misfolded polyglutamine-containing proteotoxins (Bence et al., 2001; Holmberg et al., 2004) . These considerations have spurred interest in how cells adapt their protein degradation machinery to the threat of proteotoxicity in specific compartments.
Here, we report on the discovery of a component of the 26S proteasome that is specifically induced by arsenite and electrophiles, but not by other conditions that perturb protein folding. The component AIRAP associates tightly with the 19S cap of the proteasome, altering its biochemical properties to facilitate substrate transit through the particle. Our findings suggest that heterogeneity in proteasome's composition is driven by the need to respond to changes in the complement of their misfolded substrates.
Results
AIRAP is a highly conserved gene selectively activated by arsenite in many cell types. Inactivation of the C. elegans homolog aip-1 compromises survival of worms exposed to arsenite, but not to other stressors. The w19 Kd protein product is both nuclear and cytoplasmic, and because it could be crosslinked in vivo to RNA it was tentatively named arsenite-inducible RNA-associated protein (AIRAP) (Sok et al., 2001) . To obtain further clues on AIRAP function, we analyzed the sedimentation properties of endogenous AIRAP in lysates of arsenitetreated cells and discovered that the protein associates with a megadalton-sized high molecular weight (HMW) complex ( Figure 1A ).
To identify other components of this complex, AIRAP was tagged at its nonconserved C terminus with glutathione S-transferase (GST) and expressed in mammalian cells. Like the endogenous protein, most of the AIRAP-GST was also associated with an HMW complex ( Figure 1B ). AIRAP-GST-containing complexes were purified by sequential glycerol gradient centrifugation and glutathione affinity chromatography, yielding a highly reproducible collection of bands, whose relative intensity suggested a complex with simple stoichiometry. The excess of AIRAP-GST is plausibly attributed to complexes that dissociated during glutathione affinity chromatography ( Figure 1C , lane 2), whereas AIRAP-GST purified from the lighter fractions of the gradient was associated with far fewer proteins ( Figure 1C, lane 1) .
AIRAP Is an Arsenite-Inducible Subunit of the 19S Proteasomal Cap Three randomly selected AIRAP-associated proteins were digested with trypsin, and peptide fragments were analyzed by MALDI-TOF mass spectroscopy. The mass spectra fingerprint was that of PSMD1, PSMD2, and PSMD7 (the mammalian homologs of yeast RPN2/ Sen3p, RPN1/Nas1p, and RPN8/Nas3p, respectively), known components of the 26S proteasome. The apparent mobility on the SDS-PAGE of the other proteins associated with AIRAP-GST matched the predicted sizes of known proteasome subunits (reviewed in Tanaka and Tsurumi [1997] , see also Figure 6C ). Furthermore, immunodepletion of proteasomes from lysates of arsenitetreated cells also depletes them of AIRAP ( Figure 1D ), and negatively stained electron micrographs of the purified AIRAP-GST-containing complexes showed numerous particles with morphology characteristic of 26S proteasomes ( Figure 1E ).
The experiments above indicate that most of the AIRAP in arsenite-treated cells is found in a complex with proteasomes. The basis for the unusual sedimentation properties of AIRAP-containing proteasomes is not understood; however, RNA binding by AIRAP is unlikely to play a role in this unusual feature, as RNase treatment in vitro had no effect on the particle's apparent size (data not shown). Furthermore, the separation of the AIRAP peak and conventional proteasomal peaks in the glycerol gradients indicates that only a minority of proteasomes in arsenite-treated cells contain AIRAP at steady state. (A) Immunoblot of endogenous AIRAP, the 20S subunit PSMA1, and the 19S subunit PSMD7 in fractions of glycerol gradients prepared from mouse fibroblasts exposed to arsenite (ARS, 25 mM for 4 hr). The migration of complexes of known size on a parallel gradient is indicated. (B) Immunoblot of AIRAP-GST and the 20S marker PSMA1 from fractions of glycerol gradients prepared from cells stably expressing an AIRAP-GST fusion protein (''input''). A PSMA1 immunoblot of proteins copurifying with AIRAP-GST is shown in the bottom panel (''GST purified''). (C) Coomassie stain of SDS-PAGE of proteins purified by glutathione affinity chromatography from fractions 2-4 (lane 1) or 10-12 (lane 2) of a glycerol gradient loaded with lysate of cells transfected with AIRAP-GST. The bands identified by mass spectroscopy are indicated to the right of the gel. (D) Immunoblot of endogenous AIRAP and PSMA1 from lysates of arsenite-exposed cells. Where indicated, the lysate had been depleted of its PSMA1 content by using a specific antiserum or nonimmune serum (NI). The depleted supernatant (''sup'') and pellet of the immunoprecipitation reaction were analyzed separately. The asterisk marks the immunoglobulin light chain. (E) Representative image of the negatively stained particles purified by AIRAP-GST affinity chromatography and a schema of the 26S particle (top). Gallery of averaged images of doubly capped and singly capped AIRAP-GST-containing particles of the most populous orientations (bottom).
AIRAP has a highly conserved N-terminal cysteinehistidine-rich repeat (Figure 2A ). Deletion analysis showed that both repeats are required for integration of AIRAP-GST into the proteasome ( Figure 2B ), and AIRAP tagged at its N terminus did not associate with proteasomes (data not shown). These observations suggest that AIRAP's conserved N terminus is involved in proteasome binding.
To identify proteins in direct contact with AIRAP, AIRAP-GST-containing proteasomes were purified from 35 S-methionine/cysteine metabolically labeled cells and the complex was treated with diamide, forming disulfide bonds between adjacent cysteines. Noncovalent interactions were then disrupted by denaturing the complex, and AIRAP-GST (and crosslinked partners) was immunoprecipitated under stringent conditions. The crosslinks were reduced, and the individual radiolabeled proteins were resolved by SDS-PAGE. Autoradiography revealed that in addition to radiolabeled AIRAP-GST, the immune complex contained a diamide-dependent band with the mobility of PSMD2 ( Figure 2C) ; an assignment confirmed by immunoblotting ( Figure 2D ). Additional fainter bands, consistent in size with PSMD1 and likely one of the ATPase subunits, were also observed in the immunoprecipitate ( Figure 2C , lanes 5 and 9). AIRAP and PSMD2 appeared to bind each other directly, as purified AIRAP-GST associated with in vitro-translated PSMD2 ( Figure 2E ). The finding of diamide-mediated crosslinking of AIRAP to PSMD2 indicates that AIRAP associates with the 19S regulatory particle, most likely via the base subunit PSMD2.
To estimate the number of AIRAP binding sites on the proteasome, we examined the ability of two differently tagged AIRAP molecules to bind the same particle. Epitope-tagged AIRAP-myc was expressed alongside AIRAP-GST or other GST-tagged subunits of the proteasome in 293T cells. Lysates of the transfected cells were fractionated by glycerol gradient centrifugation. Particles containing the GST-tagged subunits were purified, and their content of myc-tagged AIRAP was measured by immunoblot. Both PSMD2-GST and PSMD14-GSTcontaining proteasomes contained AIRAP-myc, as expected. A visible, but faint AIRAP-myc signal was also present in proteasomes purified by AIRAP-GST affinity chromatography; however, its intensity was proportionally less than that of the associated PSMA1 (compare lanes 2, 4, and 6 in Figure 3A ; the significance of the lack of PSMA1 in the complexes examined in lanes 1 and 3 will be explained below). The faintness of the AIRAP-myc signal in the AIRAP-GST-purified proteasomes is unlikely to reflect selective purification of singly capped particles under these conditions, as 44% of particles purified by AIRAP-GST affinity chromatography were observed to be doubly capped by electron microscopy ( Figure 1E ) and particles purified under the same conditions by PSMD14-GST affinity chromatography contained ample amounts of coexpressed PSMD14-YFP ( Figure S1A in the Supplemental Data available with this article online). Furthermore, the AIRAP-myc, which was excluded from AIRAP-GST-containing proteasomes, was nonetheless associated with other proteasomes in the transfected cells, as revealed by its coimmunoprecipitation with endogenous PSMA1 (Figure 3B , lane 6), and in a reciprocal experiment, immunoprecipitates of AIRAP-myc from cotransfected cells yielded almost no detectable AIRAP-GST ( Figure S1B ). These observations indicate that proteasomes have limited AIRAP binding sites, as few as one per particle.
Enhanced Accumulation of Polyubiquitylated
Proteins and Augmented Heat-Shock Response after Arsenite Exposure of Cells Lacking AIRAP To determine if AIRAP's association with the proteasome affects the ability of arsenite-treated cells to cope with misfolded proteins, we compared wild-type C. elegans with worms in which the AIRAP homolog aip-1 was inactivated by RNAi. Exposure to arsenite led to a timedependent increase in the quantity of polyubiquitylated proteins in worm lysates, as expected (Bond et al., 1988; Kirkpatrick et al., 2003) . Interestingly, this increase was more conspicuous in aip-1(RNAi) animals (Figure 4A) . Compared with the wild-type, aip-1(RNAi) animals also had a higher activity of a heat-shock reporter, which was also evident basally ( Figure 4B ). Furthermore, aip-1(RNAi) reduced survival of worms exposed to arsenite ( Figure 4C ), as noted previously (Sok et al., 2001 ). These observations are consistent with a role for AIP-1/ AIRAP in mitigating adverse consequences of arsenite on protein folding and, perhaps, a homeostatic role for AIP-1 under basal conditions.
Exposure of mammalian cells to arsenite activates the electrophile responsive transcription factors Nrf1 and Nrf2 (Alam et al., 1999; Gong et al., 2002) and their C. elegans homolog SKN-1 (An and Blackwell, 2003; Inoue et al., 2005) . In mammalian cells, AIRAP is induced both by arsenite and the electrophile, methyl methanesulphonate (MMS) ( Figure S2 ). Furthermore, skn-1(RNAi) inhibited the arsenite-inducible aip-1::gfp reporter (Figure 4D) . Consistent with this attenuation in aip-1 expression, skn-1(RNAi) augmented the heat-shock response of arsenite-treated worms and increased the levels of polyubiquitylated proteins ( Figure 4E ). Thus, both direct interference with aip-1/AIRAP expression and blocking an upstream activator of aip-1 impair the ability to cope with arsenite-mediated protein misfolding.
To explore the consequences of reduced AIRAP expression in mammalian cells, we developed a mouse knockout of the gene. A mouse embryonic stem cell line with a bGeo gene-trapping vector integrated at the AIRAP locus was identified in the BayGenomics database (XM071) (Skarnes et al., 2004) . Sequencing of the targeted allele revealed integration to have occurred in intron 3, blocking the expression of residues critical for proteasome binding. The mutant allele was transferred through the germline to produce heterozygous knockout mice, which were intercrossed to produce AIRAP +/+ and AIRAP 2/2 embryos from which fibroblasts were made. Upon exposure to arsenite, these mutant cells fail to express protein detectable with the anti-AIRAP serum ( Figure 5A ).
Wild-type fibroblasts transiently exposed to arsenite for 2 hr accumulate polyubiquitylated proteins, whose levels subsequently decline, coincidental with AIRAP induction. Under the same conditions, AIRAP 2/2 cells accumulate more polyubiquitylated proteins than the wild-type cells, a feature that was reversed by constitutive expression of AIRAP from a ''rescuing'' transgene ( Figure 5A) ; as in the worms, AIRAP disruption increased (B) Immunoblots of PSMD7 (a 19S subunit) and PSMA1 (a 20S subunit) after glutathione affinity purification of lysates from cells transfected with the indicated AIRAP-GST fusion proteins (''GST purification'') and in the crude lysate that served as the input. (C) Autoradiograph of a reducing SDS-PAGE of metabolically labeled proteins purified by glycerol gradient centrifugation followed by glutathione affinity chromatography from cells transfected with AIRAP-GST. The purified complex was displayed as is (lanes 1 and 10) or exposed to increasing amounts of diamide in vitro, followed by disruption in 2% SDS, dilution, and immunoprecipitation with anti-AIRAP serum or nonimmune serum (NI), as indicated (lanes 2-9). Note the diamide-dependent covalent crosslinking to AIRAP-GST of a w97 KDa protein that migrates at the same position as PSMD2. (D) PSMD2 immunoblot of complexes crosslinked and immunopurified as in (C) (the anti-PSMD2 serum also reacts with the GST moiety of AIRAP-GST). (E) Autoradiograph of metabolically labeled PSMD2 translated in vitro in a reticulocyte lysate and bound to full-length AIRAP-FL(1-171)-GST, AIRAP-DC(1-89)-GST, and GST purified from transfected cells by glutathione affinity chromatography. The stained gel (Coomassie) reveals the presence of the fusion proteins. Asterisks mark irrelevant proteins that copurify with the GST fusion proteins. levels of polyubiquitylated proteins in cultured mammalian cells exposed to arsenite.
Enhanced accumulation of polyubiquitylated proteins in the AIRAP 2/2 cells could reflect reduced recruitment by the mutant proteasome or defective deubiquitylation/degradation after recruitment. To distinguish between these possibilities, we compared the amount of polyubiquitylated proteins associated with proteasomes in arsenite-treated wild-type and AIRAP 2/2 cells. We chose for this experiment a time point in which AIRAP protein is already induced but before levels of polyubiquitylated proteins had declined to background levels in the wild-type cells. Exposure to arsenite increased the levels of proteasome-associated polyubiquitylated proteins in both genotypes, and more such proteins were reproducibly associated with proteasomes in arsenite-treated mutant cells ( Figure 5B ). This finding argues against impaired substrate recruitment and favors a postrecruitment defect in proteasomes of arsenite-treated mutant cells. To explore this further, we compared the ability of proteasomes derived from arsenite-exposed wild-type and AIRAP 2/2 cells to digest a small substrate peptide, suc-LLVY-AMC, whose initial interaction with the proteasome is diffusion limited and, hence, independent of the machinery normally used to recruit polyubiquitylated substrates. Doubly capped and singly capped proteasomes from arsenite-treated AIRAP 2/2 cells exhibited a progressive decline in their ability to digest the substrate peptide, as reflected by the diminished fluorescent signal at their characteristic position in the zymogram ( Figure 5C ). Interestingly, this decline in proteasome activity in the mutant cells coincided with high level AIRAP expression in the wild-type cells ( Figure 5C ).
The findings described above are consistent with a role for AIRAP in preserving proteasome function in vivo. However, the experiments shown in Figures 1A and 6A (below) indicate that only a minority of proteasomes in arsenite-treated wild-type cells are associated with AIRAP at steady state. Therefore, the differences observed in peptide digestion by proteasomes from arsenite-treated wild-type and AIRAP 2/2 cells ( Figure 5C ) likely reflect the consequences of AIRAP's presence in the wild-type cells rather than differences in activity of proteasomes that contain or lack AIRAP at the time of in vitro assay.
AIRAP Association Alters the Proteasome's Biochemical Properties
Purification of conventional 26S proteasomes is favored by the presence of ATP in the lysis buffer (Eytan et al., 1989; Orino et al., 1991) . The experiments that led to the discovery of the HMW AIRAP-containing complex were conducted initially in buffers that had no added ATP. Surprisingly, adding ATP to the cell lysate disrupted the AIRAP-containing HMW complexes, whereas depletion of ATP from the lysate, by addition of hexokinase and glucose, stabilized these complexes ( Figure 6A ). These effects of ATP are unlikely to reflect selective extraction of different AIRAP-containing complexes, as the amount of AIRAP in the soluble phase and that remaining in the cell pellet were similar under both conditions ( Figure S3 ).
The differential effect of ATP on in vitro stability of AIRAP-containing and conventional proteasomes (lacking AIRAP) was examined in cells exposed to arsenite. Substantial amounts of PSMA1 (a 20S component) and PSMD7 (a 19S component) coimmunoprecipitated with endogenous AIRAP in ATP-depleted lysates of arsenite-treated cells; however, addition of ATP to the lysate disrupted this interaction (compare lanes 4 and 10, Figure 6B ). In this experiment, there were also detectable levels of AIRAP in the untreated cells, an effect that is likely magnified by the immunoprecipitation procedure (lane 3). By contrast, ATP depletion disrupted the conventional 26S particle, as reflected by the dissociation of PSMD7 from PSMA1 (compare lanes 11 and 5). Furthermore, a subpopulation of 26S proteasomes is rendered resistant to the disruptive effect of ATP depletion by the exposure of cells to arsenite (compare lanes 5 and 6). AIRAP likely contributes to this stabilizing effect of arsenite but is not its only effector, as proteasomes recovered from arsenite-treated AIRAP knockout cells are also partially resistant to disruption by in vitro ATP depletion, albeit to a lesser degree than in wild-type cells (data not shown).
To examine more closely the effect of ATP on the in vitro stability of AIRAP-containing proteasomes and to eliminate the potential confounding effects of arsenite (required to induce endogenous AIRAP), we compared the pattern of proteins that associate with AIRAP-GST in transfected 293T cells with the composition of conventional proteasomes purified under identical conditions with GST-tagged PSMB2 (a subunit of the 20S particle). AIRAP-GST remained associated with the expected collection of proteasomal proteins in the ATP-depleted lysate, whereas PSMB2-GST lost most of the associated 19S proteins. The reciprocal was observed in ATP repleting conditions, which dissociated AIRAP-GST from the proteasome but preserved the conventional complex ( Figure 6C ). The stabilizing effect of AIRAP on the 26S particle was also reflected by the observation that coexpression of AIRAP-myc preserved the association of PSMB2-GST (a 20S component) with endogenous PSMD7 (a 19S component) in ATP-depleted lysates (compare lanes 1 and 3 in Figure 6D ; also compare lanes 1 and 2 or 3 and 4 in Figure 3A) .
To further compare the functional properties of AIRAP-containing and conventional proteasomes, we purified proteasomes from transfected 293T cells by AIRAP-GST and PSMD14-GST affinity chromatography and measured their activity in vitro. First, we assayed the degradation of a previously characterized polyubiquitylated protein substrate, [
32 P]Ub 5 -DHFR (Thrower et al., 2000; Zhang et al., 2003) . Substrate degradation by proteasomes purified by either AIRAP-GST or PSMD14-GST affinity chromatography was ATP dependent and was inhibited by methotrexate (which stabilizes DHFR) or by MG132 (an inhibitor of the proteasome's proteolytic activity) ( Figure 7A ). We concluded that AIRAP-containing proteasomes retain the ability to recruit, unfold, and degrade a model protein substrate. Furthermore, although prolonged incubation of AIRAPcontaining proteasomes with ATP eventually led to its dissociation from the particle (data not shown), over the time frame of the in vitro assay (20 min), only minimal dissociation was observed ( Figure 7D ).
Next, we measured the activity of the two preparations of proteasomes against a small peptide, suc-LLVY-AMC, whose cleavage is limited by access to the catalytic chamber and by the latter's chymotryptic (B) Anti-green fluorescent protein (GFP) and anti-HDEL (a loading control) immunoblots of lysates from wild-type, aip-1(RNAi), or hsf-1(RNAi) animals transgenic for a heat-shock reporter (hsp-16:: gfp), after exposure to sodium arsenite (4.5 mM) for 4 hr. (C) Time-dependent survival of a population of wild-type and aip-1 (RNAi) worms exposed to 4.5 mM sodium arsenite (mean 6 SEM survival of 50 worms per genotype, performed in triplicate). (D) Anti-GFP and anti-HDEL immunoblots of lysates of wild-type and skn-1(RNAi) transgenic aip-1::gfp reporter worms exposed to arsenite, as in (B). (E) Poly-Ub, GFP, and HDEL immunoblots of lysates of wild-type and skn-1(RNAi) animals transgenic for heat-shock reporter (hsp-16::gfp) after exposure to arsenite. activity rather than by substrate recruitment and unfolding (Smith et al., 2005) . In the presence of ATP, the AIRAP-containing proteasomes were more active than conventional particles ( Figure 7B) . A similar hierarchy of activity was noted in the digestion of a different peptide, Z-LLE-AMC ( Figure 7C ), a preferred substrate of proteasome's peptidylglutamyl-peptide hydrolysis sites. As expected, MG132 inhibited digestion by both conventional and AIRAP-containing particles, whereas 20S particles purified by PSMB2-GST affinity chromatography had very weak activity, attesting to the integrity of the particles purified by this method. These experiments suggest that AIRAP's association with the 19S cap promotes accessibility of the catalytic chamber or enhances 20S catalytic activity. In this regard, the AIRAP-containing particles resemble doubly capped proteasomes with a 19S on one end and an 11S/REG/ PA28 particle on the other (Cascio et al., 2002) ; the possible significance of this finding is discussed below.
Discussion
The experiments described here are consistent with AIRAP counteracting a toxin-induced challenge to the cell's protein degradation machinery with proteasomes as its site of action: most of the AIRAP in cells is associated with HMW particles that contain proteasome subunits, and AIRAP can be depleted from cell lysates with proteasomes. AIRAP is a relatively long-lived protein ( Figure S4A ) that is not detectably ubiquitylated (data not shown), suggesting that AIRAP does not associate with proteasomes as a conventional substrate. Proteasome biogenesis is relatively slow (Yang et al., 1995) , but newly synthesized AIRAP is rapidly integrated into particles ( Figure S4B ), indicating that AIRAP could exert its effects on preexisting proteasomes on a time scale consistent with the events observed in arsenitetreated cells.
The attachment of multiple ubiquitin residues to a protein (polyubiquitylation) tags it for proteasomal destruction (Hershko and Ciechanover, 1998) . The proteasome must then recruit the modified substrate protein via polyubiquitin receptors associated with its regulatory 19S cap. Recruitment is followed by the tightly linked steps of deubiquitylation, unfolding, and translocation into the 20S catalytic chamber; all three steps are executed by the 19S regulatory cap (reviewed in Pickart and Cohen [2004] ). AIRAP's association with the 19S particle suggested that it might serve as a receptor for polyubiquitylated proteins, perhaps assisting in recruitment of substrates that misfold in arsenite-treated cells. Several such stress-induced accessory components of the 19S have been identified (Elsasser et al., 2002; Rao and Sastry, 2002; Verma et al., 2004) ; however, AIRAP lacks the protein modules of adaptors known to bind ubiquitylated substrates (reviewed in Elsasser and Finley [2005] ). Furthermore, compared to the wild-type, the proteasomes of AIRAP 2/2 cells exposed to arsenite are associated with more (not less) polyubiquitylated proteins ( Figure 5B ), arguing against a role for AIRAP in substrate recruitment.
A ring of six ATPases lines the 19S base, forming a pore coaxial with the catalytic chamber. The energy derived by ATP hydrolysis is used to unfold substrates (Braun et al., 1999; Navon and Goldberg, 2001) , whereas ATP binding is required to open the entrance to the catalytic chamber and translocate the unfolded substrate (Smith et al., 2005 ). AIRAP's proximity to the base of the 19S regulatory particle (revealed by crosslinking to PSMD2) and the different behavior of conventional and AIRAP-containing proteasomes suggest functional interactions between AIRAP and the ATPases. It is unlikely that AIRAP evolved to adapt proteasomes to changes in ATP levels; at concentrations required for AIRAP induction, arsenite has a negligible effect on intracellular ATP concentrations (data not shown). The stabilizing effects of ATP on conventional proteasomes and those of ATP depletion on AIRAP-containing proteasomes more likely reflect different conformations of their ATPases assumed in vitro, during purification.
Conventional and AIRAP-containing 26S particles are equally dependent on ATP when degrading a folded, polyubiquitylated protein in vitro, but they vary in the cleavage of small, unstructured peptides. When assayed under physiological conditions, the AIRAP-containing proteasomes were reproducibly more active in peptide cleavage than conventional particles. In this regard, the AIRAP-containing proteasomes share properties with hybrid complexes capped on one end by 19S particle and by an 11S/REG/PA28 particle on the other: like the hybrid proteasomes, AIRAP-containing proteasomes are more active in degrading a peptide substrate (Cascio et al. [2002] and Figure 7) . Furthermore, the stability of AIRAP-containing proteasomes in buffers lacking ATP resembles the ATP independence of 11S/REG/PA28 binding to 20S proteasomes (Rechsteiner and Hill, 2005) . Unfortunately, we have been unable to assemble AIRAP-containing proteasomes in vitro (using purified recombinant AIRAP); therefore, while it is likely that AIRAP binding at the 19S cap mediates the stimulatory effect noted above, other, indirect mechanisms cannot be excluded.
The ubiquitin-proteasome system plays an important role in ridding the cell of dangerous misfolded proteins (Goldberg, 2003) ; however, it might also become a target of intracellular proteotoxicity. High-level expression of proteins with pathologically expanded polyglutamine tracks or aggregation prone amyloidogenic proteins can inhibit in trans the degradation of coexpressed short-lived proteins in vivo or peptide substrates in vitro (reviewed in Goellner and Rechsteiner [2003] ). Arsenic too inhibits multiple steps in the ubiquitin proteasome system (Klemperer et al., 1989; Berleth et al., 1992) . Elevated levels of polyubiquitylated proteins observed in arsenite-treated cells (Bond et al., 1988; Kirkpatrick et al., 2003; Figures 4 and 5) suggest that the later steps of substrate degradation are preferentially affected by this toxin in vivo, perhaps through elaboration of transinhibitory substrates.
It is notable that exposure of purified proteasomes to arsenite in vitro has almost no effect on suc-LLVY-AMC cleavage (irrespective of their AIRAP content, Figure S5) . Therefore, the defect observed in proteasomes of arsenite-treated AIRAP 2/2 cells ( Figure 5C ) likely reflects impaired clearance of trans-inhibitory substrates generated in vivo rather than hypersensitivity of the mutant proteasome to the direct toxic effects of arsenite. The AIRAP-mediated conversion of conventional 26S proteasomes to particles with features resembling the 19S-20S-11S hybrids could represent an adaptation to trans-inhibitory substrates. Binding of an 11S/REG particle, such as PA26, constitutively opens the 20S chamber (Whitby et al., 2000) ; AIRAP's mimicry of this effect might facilitate the transit (in either direction) of transinhibitory degradation intermediates that would otherwise stall the proteasome. Alternatively, AIRAP might enhance cleavage of such inhibitors by allosteric regulation of peptidase activity, as has been proposed for 11S/ REG particles (Cascio et al., 2002) . Shuttling between particles could explain how AIRAP affects proteasome function globally while interacting, at any one time, with but a few particles.
Experimental Procedures
Cell Transfection, Lysis, and Protein Purification Plasmids expressing GST fusion proteins of AIRAP and proteasomal proteins PSMD2, PSMD14, and PSMB2 were constructed by amplifying the coding sequence of the mouse cDNA using primers that eliminate the natural stop codon and introduce unique restriction sites for ligation in frame with GST in mammalian expression plasmids. 293T cells were transfected by the calcium-phosphate precipitation method.
Cells were disrupted in TNH buffer (20 mM HEPES-7.9, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1.5 mM MgCl 2 , 1 mM DTT, and protease inhibitors), clarified at 20,000 3 g for 10 min and 500 ml were layered on a 10%-40% glycerol gradient and centrifuged in an SW50 rotor for 7 hr at 45,000 rpm. Where indicated, 5 mM ATP or hexokinase (135 mg/ml) plus glucose (20 mM) was added to the lysate. In the experiment shown in Figures 5C and 7 , the Triton X-100 in the TNH buffer was substituted by 0.5% CHAPS and protease inhibitors were omitted (CNH buffer). Specific regions of the SDS-PAGE gel containing bands of interest were excised and digested with trypsin in situ. The tryptic fragments were eluted and analyzed by matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF).
The diamide-mediated chemical crosslinking was conducted by metabolically labeling transfected 293T cell with 35 S-TRANSlabel (ICN), 20 mCi/ml overnight, followed by velocity gradient centrifugation and glutathione affinity chromatography. The purified complex was reacted with Diamide (Sigma D3648) at concentrations of 1-100 mM in TNH buffer (2DTT) on ice for 60 min. The sample was denatured in 2% SDS at 90 C, diluted to 0.1% SDS, and immunoprecipitated with antisera to AIRAP. After reduction of the crosslinker, the sample was resolved by SDS-PAGE.
Radiolabeled mouse PSMD2 was expressed in a coupled in vitro transcription translation reaction from the plasmid (EST BC002987 MRG Clone #2905429) and reacted in lysis buffer with AIRAP-GST or the indicated C-terminal truncations that were expressed in 293T cells, purified by glutathione affinity chromatography from the light (nonproteasomal) fractions of the glycerol gradient, and retained on the glutathione Sepharose beads.
Zymographic detection of proteasome activity in native gels was performed according to a published protocol (Glickman and Coux, 2001) . Enzymatic activity of proteasomes immobilized on glutathione Sepharose beads was assayed after their purification from transfected 293T cells. The sample was equilibrated on ice in an assay buffer (20 mM Tris [pH 7.5], 5 mM MgCl 2 , 1 mM DTT, and 1 mM ATP), transferred to a 96-well plate that was agitated gently at 30 C, and Suc-LLVY-AMC (Sigma S6510) or Z-LLE-AMC (Peptides International MLG-3179) added. All catalytic activities were normalized to proteasome content by using a PSMA1 immunoblot. Degradation of purified 32 P-labeled dihydrofolate reductase decorated with a heptaubiquitin chain ([ 32 P]Ub 5 -DHFR) ( Figure 7A ) was performed as previously described (Zhang et al., 2003) .
Electron Microscopy
As glutathione elution was found to destabilize the proteasome, we modified the AIRAP-GST expression plasmid to incorporate a TEV protease cleavage site between the AIRAP and GST coding sequence and used AcTEV protease (Invitrogen 12575) to liberate the particle from the matrix. Freshly purified AIRAP-bound proteasomes were negatively stained with 2% uranyl acetate and imaged with a Philips CM 200 FEG electron microscope. Images were taken at a nominal magnification, 50,0003, and digitized with a Zeiss SCAI scanner at 21 mm per step, corresponding to 4.2 Å /pixel at the specimen level. A total of 42 images were digitized, and w3900 particles were selected for computational processing by using the EMAN software package (Ludtke et al., 1999) . The selected proteasome single particles were aligned, classified, and averaged by using EMAN's reference-free classification procedure after CTF correction.
Antibodies
Antisera to AIRAP, eIF2a, GST, GFP, HDEL, and GADD34 have been described previously (Sok et al., 2001; Marciniak et al., 2004) . Other antisera used are as follows: anti-PSMA1 (ABR PAI-963 or Mab. 2-17 to human PSMA1, a kind gift from Keiji Tanaka), anti-PSMD7 (ABR PAI-1963), anti-PSMD2 (ABR PAI-964), anti-ubiquitin (Zymed13-1600), and anti-Hsp70 (Stressgen SPA810).
AIRAP Knockout Mouse Cells
The mouse E14-derived embryonic stem cell line XM071 was identified by BLAST search of the BayGenomics database (http:// baygenomics.ucsf.edu/) with the mouse AIRAP coding sequence. The splice-trap transgene's site of integration was mapped to intron 3 by long-range genomic PCR and sequencing of the transgene's insertion site. ES cells were injected into C57BL/6 blastocysts, and chimeric male mice were derived by conventional methods. The mutant allele was passed through the germline, and AIRAP 2/+ offspring of the chimera were intercrossed to produce AIRAP 2/2 and AIRAP +/+ progeny, which were recovered as day 13.5 embryos for the production of mouse fibroblasts, which were studied in the assays described in the text.
The mutation was (partially) rescued in trans by infecting AIRAP 2/2 mouse fibroblasts with a recombinant AIRAP-encoding retrovirus, pBABE puro -AIRAP, and selecting pools of rescued cells based on their resistance to puromycin. Expression of AIRAP in the rescued cells is not regulated by arsenite and decreases in cells exposed to the toxin, accounting perhaps for the incomplete genetic rescue.
C. elegans
Procedures used to expose worms to arsenite and the construction of aip-1::gfp(zcIs1) reporter line and the aip-1(RNAi) procedures have been previously described (Sok et al., 2001 ). The hsp-16::gfp(zcIs16) promoter fusion line contains 399 nt of the hsp-16.41 promoter fused to GFP. The constructs used to inactivate hsf-1 and skn-1 were obtained from the Cambridge University Consortium. To avoid the lethality associated with maternal inactivation of skn-1 or hsf-1, fertilized eggs extracted from gravid adult hermaphrodites were seeded onto a lawn of E. coli transformed with the RNAi constructs, and the L4 and young adults that developed on such lawns were subjected to the assays described in the text. Methods for extracting proteins from worms and immunoblot of the GFP reporter and the anti-HDEL loading control have been previously described (Marciniak et al., 2004) . To detect polyubiquitylated proteins in worm lysates, 20 mM of N-ethyl maleimide was added to the lysis buffer and the blot was autoclaved for 30 min before blocking with 20% calf serum and incubation with the primary antibody.
Supplemental Data
Supplemental Data include five figures and can be found with this article online at http://www.molecule.org/cgi/content/full/23/6/ 875/DC1/.
